The Hippo pathway senses cellular conditions and regulates YAP/TAZ to control cellular and tissue homeostasis, while TBK1 is central for cytosolic nucleic acid sensing and antiviral defence. The correlation between cellular nutrient/physical status and host antiviral defence is interesting but not well understood. Here we find that YAP/TAZ act as natural inhibitors of TBK1 and are vital for antiviral physiology. Independent of transcriptional regulation and through the transactivation domain, YAP/TAZ associate directly with TBK1 and abolish virus-induced TBK1 activation, by preventing TBK1 Lys63-linked ubiquitylation and the binding of adaptors/substrates. Accordingly, YAP/TAZ deletion/depletion or cellular conditions inactivating YAP/TAZ through Lats1/2 kinases relieve TBK1 suppression and boost antiviral responses, whereas expression of the transcriptionally inactive YAP dampens cytosolic RNA/DNA sensing and weakens the antiviral defence in cells and zebrafish. Thus, we describe a function of YAP/TAZ and the Hippo pathway in innate immunity, by linking cellular nutrient/physical status to antiviral host defence.
Metazoans use innate defence mechanisms to recognize conserved pathogen-associated molecular patterns and fight against pathogen infections. Cytosolic nucleic acid sensors are crucial components of the defence system in vertebrates, particularly for detecting viruses that have breached physical barriers and been replicated within the cell. Viral double-stranded RNA is detected in the cytosol by RIG-I-like receptors 1, 2 , while viral DNA is recognized by cytosolic sensors including cGAS [3] [4] [5] [6] , IFI16, DDX41 and others 7 . Facilitated by mitochondrialassociated MAVS (also known as VISA, IPS-1 or Cardif) or endoplasmic reticulum-located STING (also known as ERIS, MITA, MPYS or TMEM173), viral nucleic acid recognition leads to the activation of TBK1 and/or IKKε kinases that phosphorylate and mobilize IRF3, which then dimerizes and translocates to the nucleus, where it acts as a DNA-binding transcription factor 8, 9 . Assembly of the MAVS or STING signalling complex also induces NF-κB activation 10, 11 , which cooperates with IRF3 to drive the expression of type I and III interferons. The antiviral defence of the self and neighbouring cells is thus established by coordinating a large number of interferon-stimulated genes (ISGs) through classical JAK-STAT signalling, to clear/prevent viral infection and modulate adaptive immunity 12, 13 .
How cytosolic nucleic acid sensing is affected by cellular conditions, such as nutrient/energy stress or cell-cell contact, is an interesting question that remains to be answered. Self-association of MAVS or STING molecules initiates the recruitment of TRAFs, TBK1/IKKε and IRF3 14 , where intermolecular trans-phosphorylation, facilitated by Lys63-linked ubiquitylation and adaptor-driven association, leads to TBK1/IKKε activation 15 . Viral-induced TBK1 activation is a slow process subject to complex regulations involving interacting proteins and post-translational modifications [16] [17] [18] , including ion metal phosphatase PPM1A 19 and kinase Mst1 20 . Conversely, aberrant reactions to own nucleic acids and subsequent IFN production trigger autoimmune and autoinflammatory diseases 21, 22 ; thus, the activation of TBK1 requires strict regulation. TBK1 and IKKε also serve as key regulators of apoptosis, autophagy and inflammatory responses [23] [24] [25] and act as important inducers to drive tumorigenesis 26, 27 . Nevertheless, the regulatory mechanism for TBK1/IKKε activation and termination is largely unknown.
The Hippo pathway was originally discovered in Drosophila and is highly conserved [28] [29] [30] [31] . The transcription co-activators YAP and TAZ are the downstream effectors, which are regulated by the Lats1/2 kinases in response to unfavourable growth conditions to retain YAP/TAZ in the cytoplasm for ubiquitylation and degradation 32, 33 . Otherwise, YAP/TAZ are localized in the nucleus to bind to and activate the TEAD family transcription factors to transcribe target genes promoting cell proliferation, migration and survival 34 . How the Hippo pathway cooperates with other signalling pathways to regulate a variety of physiological processes, such as host defence, is largely unanswered. Regulation of YAP/TAZ is very complex and can be affected via crosstalk with the WNT pathway 35 , G-protein-coupled receptor (GPCR) signalling [36] [37] [38] [39] , and the transforming growth factorβ (TGF-β) 40 and Notch pathways 41 . Both Hippo and cytosolic nucleic acid sensing are ancient and evolutionally highly conserved pathways and are present in all vertebrates. The opposing biological processes, such as growth and survival governed by YAP/TAZ and danger sensing controlled by TBK1, indicate that these factors may influence each other. One group recently reported an intriguing crosstalk between the Hippo pathway and Toll-like receptor signalling in Drosophila through Yorkie-mediated induction of the IκB homologue Cactus 42 . The finding indicates an integral role for YAP/TAZ in anti-bacterial host defence in invertebrates.
Here we find that key components of antiviral defence, the TBK1/IKKε kinases, are directly suppressed by YAP/TAZ independent of their transcriptional potential. YAP/TAZ associate with TBK1 and prevent its Lys63 ubiquitylation and adaptor/substrate association. Accordingly, YAP/TAZ knockout (KO) or knockdown, or cellular conditions activating Hippo signalling, relieves TBK1 inhibition and boosts the antiviral resistance. Conversely, a transcriptionally inactive YAP mutant can sensitize cells and zebrafish to virus attack. This work reveals an unexpected function of YAP/TAZ and the Hippo pathway in cytosolic nucleic acid sensing and innate antiviral immunity.
RESULTS
Cellular conditions activating Hippo signalling boost cytosolic RNA/DNA sensing Understanding the regulation of host antiviral immunity by cellular nutrition/physical status is important but has not been systemically studied previously. We first evaluated the level of cellular antiviral signalling following serum starvation by an IRF3-responsive IFN-β reporter. We observed an unanticipated increase in IRF3 transactivation under starvation in response to Sendai virus (SeV) infection ( Fig. 1a ). Meanwhile we observed an elevated activation of endogenous TBK1 in starved cells following SeV infection, detected by a phospho-Ser172-specific antibody ( Fig. 1b , first panel). Likewise, starvation boosted IRF3 transactivation stimulated by ectopic expression of activated RIG-I (caRIG-I) or STING ( Fig. 1c,d ), but did not significantly potentiate signalling such as Wnt, Hedgehog or TGF-β/Smad ( Supplementary Fig. 1A ). Serum starvation is known to activate the Hippo pathway 36, 37 , evidenced by increased YAP Ser127 phosphorylation and TAZ degradation ( Fig. 1b ). Double deletion of Lats1/2, the upstream kinases of YAP/TAZ, by CRISPR/Cas9 genomic editing 27 abolished both effects in response to cellular nutrient/energy stresses ( Supplementary Fig. 1B ). Intriguingly, a decrease of IRF3 responsiveness was observed in Lats1/2 double KO (dKO) HEK293A cells, along with the loss of starvation-induced IRF3 transactivation ( Fig. 1c,d ). This could be partially rescued by reintroduction of Lats1 expression ( Fig. 1e ). These observations suggest that cellular nutrient status regulates antiviral sensing and it involves the Hippo pathway.
High cell confluence is known to activate Hippo signalling and lead to YAP/TAZ inactivation and degradation 33, 43 (Fig. 1f ). We thus examined the effect of high cell confluence on IRF3 activation. When stimulated by MAVS, we detected a robust enhancement of IRF3 transactivation in cells at high confluency, which was absent in Lats1/2 dKO cells ( Fig. 1g ). Likewise, poly(I:C) transfection (TpIC)-induced endogenous IRF3 activation, which simulates cytosolic RNA sensing, was also diminished in Lats1/2 dKO cells ( Fig. 1h ). Together, these observations verify that the Hippo pathway is a potent regulator of cellular antiviral response.
YAP/TAZ attenuate cytosolic nucleic acid sensing and the antiviral response YAP/TAZ are Lats1/2 substrates and are key effectors of the Hippo pathway. Since the levels of TAZ protein and/or YAP phosphorylation are associated with the strength of antiviral signalling, we examined the potential effect of YAP/TAZ. Reporter assays with IRF3-responsive IFN-β or ISRE promoter revealed that antiviral responses stimulated by activated RIG-I (caRIG-I) ( Fig. 2a ,b), STING ( Fig. 2c ), or TBK1 and IKKε (Supplementary Fig. 2A,B ), were all strongly inhibited by ectopic expression of YAP or TAZ in a dose-dependent manner. Similarly, RIG-I-induced IRF3 Ser396 phosphorylation was abolished by YAP co-transfection in a dose-dependent manner (Fig. 2d ). Conversely, RIG-I or STING-stimulated IFN-β reporter was significantly higher, when either YAP or TAZ or both were knocked down by short interfering RNA (siRNA) ( Fig. 2e ,f), similar to MAVS-induced IRF3 transactivation ( Supplementary Fig. 2C ). We also detected an enhanced TBK1 auto-activation in YAP/TAZ knockdown cells ( Supplementary Fig. 2D ). All of these observations suggest a negative regulation of YAP/TAZ in antiviral signalling. We observed a similar suppression of YAP/TAZ in the TRIF-stimulated IRF3 transactivation or MyD88-mediated pathway ( Supplementary Fig. 2E ,F). However, since YAP/TAZ proteins were often at a very low level in a variety of immune cells 44 ( Supplementary Fig. 2G ), their regulation on TRIF/MyD88 pathways requires further validation.
We subsequently examined endogenous TBK1 activation following VSV infection in HCT 116 colon carcinoma cells, which had short hairpin RNA (shRNA)-mediated knockdown of YAP or TAZ. The shRNA-mediated knockdown was efficient (Fig. 2g ), and a marked enhancement of VSV-induced activation of endogenous TBK1 was detected ( Fig. 2g ), as well as an enhanced expression of IFN-β and ISGs (Fig. 2h ). Since YAP/TAZ dKO cells grow extremely slowly and were not practical for use in experiments, we generated YAP low /TAZ −/− NMuMG cells by CRISPR/Cas9 genomic editing and verified the expression of YAP/TAZ ( Fig. 2i) . YAP low /TAZ −/− NMuMG cells exhibited a significant enhancement of endogenous TBK1 and IRF3 activation following VSV infection ( Fig. 2i ). These consistent observations suggest that YAP/TAZ negatively regulate cytosolic antiviral sensing and antiviral response.
YAP/TAZ inhibit TBK1 activation independent of transcriptional regulation
To dissect the molecular basis for YAP/TAZ-mediated TBK1 inhibition, we first examined effects of the transcriptionally active (5SA) and inactive (6SA) form of YAP [45] [46] [47] . The S94A mutation in the YAP 6SA mutant abolishes its interaction with TEADs and thus is transcriptionally inactive 48, 49 (Fig. 3a) . Measured by the IFN-β reporter, we unexpectedly observed a profound inhibition of IRF3 transactivation by YAP 6SA, similar to or even stronger than wild-type or active YAP (Fig. 3b ). This observation suggests that YAP-mediated suppression might be a direct effect rather than through its transcriptional target(s). Supplementary Table 1 .
We detected a marked decrease of TBK1 and IKKε activation by co-transfecting of wild-type YAP or YAP 6SA ( Fig. 3c,d ), or TAZ ( Fig. 3e ), in a dose-dependent manner. Likewise, YAP 6SA abolished caRIG-I-stimulated IRF3 phosphorylation (Fig. 3f ). In an in vitro kinase assay with purified TBK1 and using IRF3 as the substrate, we detected a significantly lower catalytic activity of TBK1 when TBK1 Supplementary Fig. 6 . Statistics source data are provided in Supplementary  Table 1 .
was coexpressed with either YAP or TAZ (Fig. 3g ). All of these data suggest that YAP/TAZ inhibit the activation and/or activity of TBK1 in cells.
YAP/TAZ associate with and prevent TBK1 Lys63 ubiquitylation and adaptor/substrate interaction
In elucidating YAP/TAZ-mediated TBK1 inhibition, we detected an endogenous complex of YAP/TAZ and TBK1 in NMuMG cells by co-immunoprecipitation (Fig. 4a ), and verified this interaction with transfected proteins (Fig. 4b ). We also noticed an obvious mobility shift of YAP in the presence of wild-type TBK1/IKKε (Fig. 4b ), suggesting a potential modification of YAP by TBK1/IKKε kinases, although the significance of this regulation was not investigated in this study. Intriguingly, we found that YAP prevented the association of TBK1/IKKε with their adaptors STING ( Fig. 4c,d) and MAVS (Fig. 4e ). Interaction between TBK1 and its substrate IRF3 was also severely compromised in the presence of YAP/TAZ (Fig. 4f ). TAZ and the transcriptionally inactive YAP 6SA similarly disrupted TBK1/IKKε interaction with STING, MAVS or IRF3 ( Fig. 4c-f ). These observations strongly suggest that YAP/TAZ prevent TBK1/IKKε kinases from forming a signalling complex with adaptors and substrates.
TRAFs-mediated TBK1 Lys63-linked ubiquitylation is critical for TBK1 activation 50 . We observed that coexpression of YAP or TAZ reduced TBK1 Lys63 ubiquitylation ( Fig. 4g ). Consistent with the enhanced antiviral response, a weaker endogenous complex between TBK1 and YAP/TAZ was observed under nutrient or cell-cell contact stresses (Fig. 4h) , as well as a more robust TBK1 Lys63 ubiquitylation ( Fig. 4i ). 2-DG treatment also led to a stronger TBK1 Lys63 ubiquitylation (Fig. 4i) , although the effect of 2-DG might be complicated as it suppresses glycolysis and alters inflammatory response 51 . These observations suggest that YAP/TAZ impair TBK1 Lys63 ubiquitylation and the TBK1 signalling complex.
YAP directly inhibits TBK1 activity through the transactivation domain
To dissect the domain(s) of YAP/TAZ required for TBK1 suppression, we generated serial YAP truncations and confirmed their expressions (Fig. 5a) . Revealed by the IFN-β reporter assay, we found that the carboxy-terminal transactivation domain of YAP (amino acids 291-488) was necessary and sufficient to abolish IRF3 transactivation (Fig. 5b) . Similar to the full-length YAP, the transactivation domain of YAP alone was able to interact with TBK1, abrogate TBK1 activation (Fig. 5c,d) , and block the interaction between TBK1 and IRF3 (Fig. 5e ). These observations suggest that the YAP transactivation domain is responsible for TBK1 inhibition.
Intriguingly, we observed a direct modification of TBK1 on either full-length YAP or its transactivation domain (Supplementary Fig. 3A,B ). We also found that the addition of either YAP or TAZ purified from HEK293T cells abrogated most TBK1-or IKKεmediated IRF3 phosphorylation in vitro (Fig. 5f,g) . To further verify this observation, we expressed and purified full-length YAP or its transactivation domain from Escherichia coli, and found that fulllength YAP and its transactivation domain were both sufficient to block TBK1 catalytic activity in the in vitro kinase assay (Fig. 5h) . These observations suggest that YAP may directly abolish the catalytic activity of TBK1 by its transactivation domain, probably due to interference of the TBK1-substrate interaction.
YAP/TAZ-mediated TBK1 suppression is relieved by Lats1/2 kinases
We unexpectedly observed that endogenous YAP/TAZ proteins that reside in the nucleus in resting cells were significantly more cytoplasmic in response to VSV infection (Fig. 6a ), which was verified by the nuclear/cytoplasmic fractionation ( Supplementary Fig. 4A ), suggesting a dynamic and reciprocal regulation between Hippo signalling and antiviral response. Although the underlying mechanism exporting YAP/TAZ following virus infection is currently unknown, we noticed that coexpression of either MAVS or TBK1 led to a marked redistribution of transfected YAP or YAP 6SA to the cytoplasm (Fig. 6b ). The obviously overlapping distribution of TBK1 with YAP or YAP 6SA also suggested their interaction in the cytoplasm (Fig. 6b) .
We next assessed the IKKε-YAP interaction by co-immunoprecipitation and found that both Lats1 and Lats2 weakened IKKε-YAP interaction (Fig. 6c ). We also observed that Lats1 relieved the suppressing effect of TAZ on TBK1, evaluated by IRF3 transactivation (Fig. 6d ). However, individual point mutations of five known Lats1/2phosphorylated YAP residues into aspartate showed little effect on YAP-mediated TBK1 suppression ( Supplementary Fig. 4B ) and YAP Ser127 phosphorylation mimetic also interacted with TBK1 ( Supplementary Fig. 4C ). On the other hand, activation of Hippo signalling by forskolin 52 also boosted IRF3 transactivation (Fig. 6e) . These observations suggest that association of YAP/TAZ to the TBK1/IKKε complex and the inhibition effects are regulated.
YAP and TAZ control the host antiviral defence in cells and zebrafish
We subsequently investigated the physiological significance of YAP/TAZ-mediated TBK1 regulation in antiviral immunity. Stable NMuMG cells for Dox-inducible YAP 6SA expression were generated and verified ( Fig. 7a,b , right panels). When YAP 6SA was induced, we observed an enhanced replication level of GFP-tagged VSV or the DNA virus HSV-1, shown by microscopy of GFP + (virus replicating) cells and by anti-GFP immunoblotting (Fig. 7a,b) . Application of the TBK1 inhibitor BX795 alleviated the effect of YAP 6SA induction ( Supplementary Fig. 5A ), suggesting that the inhibitory effect of YAP 6SA is mostly through TBK1/IKKε. Expression of MAVS activates antiviral defence and endows host cells for viral resistance 10 (Fig. 7c ), whereas coexpression of YAP, TAZ or YAP 6SA impaired MAVSdriven viral resistance and restored VSV replication (Fig. 7c ). These data demonstrate the biological function of YAP/TAZ in antiviral host defence and the 'unexpected' function of the transcriptionally inactive YAP.
In contrast, shRNA-mediated depletion of YAP or TAZ decreased the active replication of VSV in HCT 116 cells ( Fig. 7d,e ), and CRISPR/Cas9-mediated knockout/knockdown of TAZ/YAP in NMuMG cells similarly led to a marked enhancement of antiviral defence, revealed by microscopy or fluorescence-activated cell sorting (FACS) analysis of VSV replication (Fig. 7f,g) . Replication of the DNA virus HSV-1 was similarly suppressed in YAP low /TAZ −/− cells (Fig. 7h) . Conversely, dKO of Lats1/2 downregulated antiviral signalling ( Supplementary Fig. 5B ) and boosted VSV replication (Fig. 7i ). These observations together suggest a negative biological regulation of YAP/TAZ and a positive regulation of Lats1/2 on cellular antiviral defence.
We then investigated the function of YAP in antiviral defence in whole animals, by using a system previously developed in zebrafish 19, 20 . Human YAP 6SA or GFP was ectopically expressed in zebrafish embryos by messenger RNA microinjection at the onecell stage, followed by gVSV infection at 48 hours post fertilization (hpf). As shown in Fig. 8a and previous reports 19, 20 , zebrafish embryos underwent a severe VSV infection and started to die around 24-30 hpi. Expression of YAP 6SA sensitized embryos to VSV infection as evidenced by a significant increase in death rate following virus attack (Fig. 8b) , as well as suppressed antiviral responses, revealed using quantitative PCR with reverse transcription (qRT-PCR) to assess mRNA expressions of zebrafish IFNs and ISGs (Fig. 8c) . These observations suggest a biological and cross-species function of YAP/TAZ in suppression of the antiviral defence in zebrafish.
DISCUSSION
Host antiviral sensing and defence are strictly controlled by intrinsic molecules 53, 54 . Still, little is known regarding their regulation by extracellular signals. Here we show that cellular nutrient/density status, through the Hippo-YAP pathway, regulates antiviral host defence (Fig. 8d ). Our study reveals that intrinsic activity of the Hippo pathway can integrate and coordinate the outcome of innate host defence. Given that the Hippo pathway mediates signals from cell-cell contact, mechanical stress, matrix stiffness and long-range hormonal signals 55, 56 , this finding illustrates the possibility for the regulation of innate antiviral immunity by a variety of extracellular cues. Supplementary Fig. 6 . Statistics source data are provided in Supplementary Table 1 .
The observation that YAP/TAZ-mediated TBK1 regulation controls a magnitude of host cells for sensing dangerous signals, such as heterogeneous RNA or DNA, adds a further dimension for the function of the Hippo pathway. This additional layer of regulation could be an adaptive host mechanism to ensure the removal of pathogenic factors but add protection to avoid excessive responses that jeopardize cell survival 57 , or to evade potential autoimmune damage from the exposure of self nucleic acids in the cytosol 21, 22 . Supplementary Fig. 6 . Statistics source data are provided in Supplementary Table 1 .
Although how YAP/TAZ are regulated by particular conditions, such as GPCR regulation, energy stress and serum starvation, has been well defined 43 Supplementary Fig. 6 .
control cytosolic nucleic acid sensing, which often leads to cell death 60, 61 . We believe the direct inhibition of TBK1/IKKε by YAP/TAZ provides a mechanism to neglect the danger signal and to ensure cell survival and proliferation when favourable growth conditions are available. This inhibition may also contribute to regulation of apoptosis and the tumorigenic role of TBK1/IKKε 27,62,63 , which Supplementary Fig. 6 . Statistics source data are provided in Supplementary  Table 1 .
awaits further investigation. TBK1 is involved in maturation of autophagy and bacteria defence 25, 64 , but little is known regarding whether autophagy, which is also triggered by serum starvation, regulates TBK1 activation. The dependence of Lats1/2 and YAP/TAZ reveals that Hippo signalling, rather than autophagy, is important to mediate antiviral regulation by nutrient/physical stresses. Our current data illustrate the essential focus of Hippo signalling and YAP/TAZ in cytosolic RNA/DNA sensing, which is also well supported by physiological data obtained from cell culture and zebrafish. The fact that cells and zebrafish expressing YAP 6SA are sensitized to RNA/DNA virus infection provides us direct evidence for the physiological involvement of YAP/TAZ in antiviral defence, independent of their transcriptional activity. Since the host defence imbalance is a main cause of autoimmune diseases 21, 22 , it is worthy to examine whether YAP/TAZ and the Hippo pathway are involved in these situations. Pathogenic nucleic acids are sensed in the cytosol by RIG-I-like receptors and/or cGAS 1, 6 . TBK1 is central for this cytosolic RNA/DNA sensing, acting as a downstream signal mediator of mitochondriaconjugated MAVS or ER-associated STING to transduce the recognition signal to the transcriptional factors IRF3/IRF7, to induce the expression of antiviral cytokines and a variety of ISGs 54 . MAVS self-associates and polymerizes on mitochondria to set the platform for functional signal complexes 14 , while STING-mediated TBK1 activation is thought to be executed in the microsome 65, 66 . Our data of YAP/TAZ re-localization during virus infection and their formation of endogenous complex with TBK1 suggest that YAP/TAZ are regulatory components for these antiviral signalling complexes. The presence of YAP/TAZ prevents the Lys63 ubiquitylation of TBK1, which is critical for TBK1 activation 15, 50, 67, 68 . We did not dissect the possible causation for this regulation, but noticed that the interaction between TBK1 and adaptors MAVS or STING, or with the substrate IRF3, is disrupted by YAP/TAZ. Our data also showed that YAP/TAZ inhibit TBK1 kinase activity in vitro, probably through direct association with TBK1 to cover its catalytic centre or to compete with IRF3 as a substrate.
Conversely, nutrient starvation or cell-cell contact activates Lats1/2, which removes the inhibition of YAP/TAZ on TBK1 and sensitizes host cells for danger signals. Distinct from our previous finding of Mst1 in antiviral immunity that is independent of Lats1/2 and Hippo signalling 20 , the regulation by cellular nutrient/physical stress requires Lats1/2 kinase. Intriguingly, YAP with the Ser94 to alanine mutation, which disrupts YAP-TEAD complex formation 49 , retains the same inhibitory effect. Purified full-length or transactivation domain of YAP also directly blocks the kinase activities of TBK1/IKKε, suggesting an alternative function mode of YAP/TAZ by direct protein-protein interaction, rather than through its transcriptional co-activators potential. We noticed that Lats1/2 can effectively dissociate YAP from TBK1/IKKε and relieve TBK1 inhibition, indicating that YAP/TAZ-mediated TBK1 inhibition is controlled, although the exact mechanism requires further investigation.
In conclusion, our study provides an unusual function and signal integration of the Hippo pathway to TBK1 activation through an unexpected mechanism. Our model indicates that the level and activity of the Hippo components can serve as a determinant to regulate the magnitude of host antiviral responses. Consistent with this notion, our research suggests that pharmacological manipulation of these signal mediators may offer potential therapeutic benefits for antiviral prevention.
METHODS
Methods, including statements of data availability and any associated accession codes and references, are available in the online version of this paper.
Note: Supplementary Information is available in the online version of the paper IFNs and ISGs in response to gVSV infection, tissue samples of zebrafish embryos at 24 hpi were homogenized and lysed, and subjected to RNA extraction and qRT-PCR assays as described in the previous section. Care of experimental animals was in accordance with guidelines and approved by the laboratory animal committee of Zhejiang University.
Statistics and reproducibility.
Quantitative data are presented as mean ± standard error of mean (s.e.m.) from at least three independent experiments. When appropriate, statistical differences between multiple comparisons were analysed using the ANOVA test with Bonferroni correction, and the survival curve was analysed using the log rank test, both by Origin 9.1 software. Differences were considered significant at P < 0.05 and the P value was precisely specified unless it is smaller than 0.001. All samples if preserved and properly processed were included in the analyses, and no samples or animals were excluded, except for zebrafish with conventional injection damage. No statistical method was used to predetermine sample size, and the experiments except for animal samples were not randomized. Immunoblottings, for which representative experiments are shown in the figures, as well as reporter assay, and qRT-PCR experiments were repeated to a minimum of three independent experiments to ensure reproducibility. The investigators were not blinded to allocation during experiments and outcome assessment. Data availability. All data supporting the findings of this study are available from the corresponding author on reasonable request. The source data for statistical analyses of Figs 1a,c-e,g, 2a-c,f,h, 3a,b, 5b, 6d,e and Supplementary  Table 1 . Supplementary Table 1 .
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